Abstract: Bentonite has been considered as a buffer material for embedding canisters with high-level radioactive waste (HLW) in deep geological repositories. GMZ bentonite deposit, located in Xinghe County, Inner Mongolia Autonomous Region, China was proposed as a buffer/backfill material for HLW repository in China. The liquid limits of natural Na-bentonite GMZ01 and commercial Na-bentonite MX80, which are previously heated at 80 o C and 95 o C, respectively, and exposed to water for different times are measured. It is observed that the liquid limit of GMZ01 increases slightly at the beginning, and then decreases as the heating time increases, while the liquid limit of MX80 decreases with the heating time. The liquid limits of both GMZ01 and MX80 decrease with increasing water-exposure time. After the samples are heated at 80 o C and 95 o C for several months, the mineralogical composition of GMZ01 does not exhibit evident change, whereas MX80 experiences some changes. In addition, the chemical composition, cation exchange capacity (CEC) and exchangeable cation of all the samples do not change significantly.
Introduction


With the rapid increase of economy in China, the Chinese government changed its policy on nuclear power development in 2003. In order to safely dispose of the high-level radioactive waste (HLW) generated from nuclear power plants and other nuclear facilities, a R&D guide to HLW disposal was published in February 2006. The spent fuel from nuclear power plants will be firstly subjected to reprocessing, followed by vetrification and final disposal. The preliminary concept of geological disposal of HLW will be a shaft-tunnel model based on a multi-barrier system located in saturated zones in granite.
The buffer/backfill material is one of the main engineered barriers for a repository [1] . Bentonite has been considered as the main component of buffer/ backfill material for HLW repository in China. Through nationwide screening, GMZ deposit was selected as a candidate buffer material from 84 main bentonite deposits identified in China. The GMZ bentonite deposit is a large-scale one, located in Xinghe County, Inner Mongolia Autonomous Region, North China. Its reserve is about 160×10 6 t with 120×10 6 t of Na-bentonite. The preliminary study of basic properties of the GMZ bentonite shows that the GMZ bentonite is characterized by high content of montmorillonite (>70%) and low impurities. The researches conducted on swelling pressure, mechanical behavior, hydraulic conductivity and thermal property show that the GMZ bentonite is a good buffer/backfill material [2, 3] . However, the comprehensive studies on coupled thermo-hydro-mechano-chemical (THMC) process of the GMZ bentonite are still ongoing. Heat originated from HLW in a repository will increase the temperature around the waste canister. Meanwhile, underground water from host rock will enter the repository and saturate the buffer/backfill material. Therefore, the properties of buffer/backfill material under high temperature and water infiltration conditions should be studied. Coupled thermohydro-mechanical (THM) analysis of engineered barriers was done in recent years [4, 5] . However, little work was carried out on liquid limit in relation to temperature and water-exposure. The liquid limit is highly and mainly influenced by the ability of clay minerals to interact with liquids [6] . It is a vital index since it governs the physico-chemical behavior of soil. This paper attempts to determine the changes in liquid limits, mineralogical compositions and chemical compositions of GMZ01 and MX80 bentonites with hydro-thermal loading time, in order to provide a better understanding of how the two kinds of bentonites are affected by temperature and water-exposure.
Testing program
Reliability of experimental method
The Casagrande apparatus is widely accepted when determining the liquid limit. However, experiences show that it is difficult to keep the apparatus in accordance with the standard, and the results depend on the operator's judgment. The cone penetrometer is preferred for fine-grained soils and plastic clays. Provided that the Casagrande apparatus is correctly maintained and the testing procedure is strictly designed, satisfactory results can be obtained. These results may differ from the ones obtained by using the cone penetrometer, but in most cases, this difference is not significant and is less than the normal variations likely to be obtained by using the Casagrande apparatus [7] . But the method using the Casagrande apparatus is considered as an appropriate one for determining the liquid limit of bentonite in literatures.
Different values of liquid limit for MX80 were reported in literatures (400% in Ref. [8] , 520% in Ref. [9] ). To determine the reproducibility of the results, different amounts of distilled water were mixed with the same amount of MX80 samples for one day prior to liquid limit test. Testing results show that the liquid limit increases slightly with the increasing water quantity. This indicates that the initial water content is of importance for the reliability of liquid limit of bentonite. In the following experiments, a same ratio of soil to distilled water is kept for a same material.
Materials description
GMZ01 bentonite is a natural Na-bentonite obtained from GMZ deposit. It was formed by the decomposition of tuff and selected as a reference buffer material for HLW repository in China. GMZ01 is in white powder form, which is obtained from natural bentonite by air-drying and crushed to less than 0.07 mm.
The MX80 bentonite from Wyoming, USA was considered as a reference buffer material in Sweden, Switzerland and other countries [10] . MX80 is a commercial Na-bentonite formed by the decomposition of volcanic rocks, characterized by gray grains with size of 1 mm. The mineralogical compositions of MX80 [8] and GMZ01 are shown in Table 1 . 
Experimental method
Since the viscous shear resistance is primarily due to the interaction between clay mineral and water in montmorillonitic soils, and the liquid limit of these soils is mainly governed by the diffusing double-layer thickness, the percussion method is suitable for montmorillonitic soils [11] . Casagrande's liquid limit device and "multi-point" procedure [12, 13] are used in this study.
To determine the effect of temperature on liquid limit, the GMZ01 and MX80 powders were heated at 80 o C and 95 o C, respectively. Some samples were taken from oven at different times and were gradually mixed with distilled water to create two kinds of pastes, and then they were stored for 24 hours prior to liquid limit test. In addition, to confirm the influence of waterexposure time on the liquid limit, the pastes obtained in the same way were remoulded with a spatula everyday before the liquid limit test.
The liquid limit can be determined in a standardized Casagrande dish. The soil in the dish is divided into two parts by a grooving tool, and the whole dish falls down on a pad from a height of 10 mm. If both parts are reconnected along a length of 12.5 mm after 25 blows, the water content of soil is considered as its liquid limit.
The determinations are performed as described above for more than 5 different water contents (different numbers of percussion). The number of percussion for groove closure should be above or below 25, within the range from 15 to 41. The water content of only one extracted sample of 10-20 g is sufficient for each test. Figure 1 shows the relationships between the liquid limit and the heating time at different temperatures. The liquid limit of GMZ01 increases slightly at the beginning and then decreases as the heating time increases. While the liquid limit of MX80 decreases as the heating time increases. The reason may be the alteration of expanding minerals to less expandable ones, or the viscous shear resistance due to the decreasing double-layer water. Pusch et al. [14] also found that the expandability and dispersibility in distilled water were significantly higher for natural MX80 than the samples taken from MX80 buffer close to a hot canister in a 5-year field experiment in SKB's Äspö Hard Rock Laboratory. 
Results and discussions
Relation between heating time and liquid limit
Relation between water-exposure time and liquid limit
The liquid limits of GMZ01 and MX80 decrease as the water-exposure time increases (Fig.2) . During the first 10 days, the liquid limit of GMZ01 decreases quickly, and then it decreases slightly as the waterexposure time. The liquid limit of MX80 decreases slightly with the water-exposure time increases. This shows that water-exposure causes microstructural reorganization or coagulation of soft gels in the voids between the dense aggregates. The most probable reason is that the interlamellar spacing is reduced also in dense parts of the particle matrix. The concentration of silica increases strongly in the remaining water films and causes precipitation that glues numerous particles together [14] .
Changes in mineralogical and chemical compositions
Calculations done by Pusch [15] show that conversion of smectite (fully expandable phase) to illite/smectite (I/S) mixed structures and illite can occur very rapidly (thousands years to years) when the K + concentration is 0.01 mol/L (commonly found at a depth of 500 m in crystallie rocks) and the temperature is not exceeding 100 °C. These changes are preceded by dehydratation that affects smectite-rich materials in several steps if they are subjected to heating. Illitization, beidellitization and kaolinization were observed in Rokle bentonite from Czech Republic when it was heated during or after one month because of transformation of smectites (I/S mixed structures) caused by the temperature. Changes in physicochemical properties and structural parameters of Rokle bentonite and MX80 bentonite were observed [16] . The changes in mineralogical composition of MX80 due to heating are determined using XRD monitoring of the first basal diffraction (Fig.3) . The observed structural changes indicate that changes in physico- Tables 2 and 3 show that there are no evident changes in chemical composition, cation exchange capacity (CEC) and exchangeable cation for GMZ01 and MX80 bentonites after heating. Though GMZ01 has a higher value of CEC than MX80, the liquid limit of GMZ01 is lower than that of MX80. When clay hydration occurs, Na + cation is surrounded by more molecules of water than Ca 2+ , and thus Na + cation has a larger radius. A good correlation exists between the liquid limit and the Na/Ca ratio [8] . MX80 contains a Table 2 Chemical compositions of GMZ01 and MX80. % Table 3 CEC and exchangeable cations of GMZ01 and MX80.
mmol/(100 g) higher sodium concentration, 45 mmol/(100 g), resulting in a higher liquid limit of 580%. Because the exchangeable Na + cation of MX80 is significantly higher than that of GMZ01, the liquid limit of MX80 is higher than that of GMZ01.
Conclusions
The study in this paper shows that GMZ01 and MX80 undergo considerable changes in liquid limit at temperatures of 80 o C and 95 o C and long-time waterexposure. As heating time increases, the liquid limit of GMZ01 increases slightly at the beginning and then decreases, while the liquid limit of MX80 decreases. The liquid limit of GMZ01 and MX80 decreases as the water-exposure time increases. The long-term performance of bentonite under hydrothermal conditions should be further studied.
The mineralogical composition of MX80 experiences some changes due to heating, while the mineralogical composition of GMZ01 does not show evident changes when it is heated at 80 
